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GENERAL-PURPOSE RFQ DESIGN PROGRAM*

E. A. Wadlinger, AT-2, MS-H811
Los Alamos National Laboratory, Los Alamos, New Mexico

Y!!!!kw
We have written a general-purpose,radio-frequency

quadruple (RFQ) design program that allows maximum
flexibility in picking design algorithms. This progrlm
optimizes the RFQ on any combination of design parame-
ters while simultaneously satisfying mutually compati-
ble, physically reouired constraint equattons. It can
be very useful for deriving various scaling law% for
iiFqs. This program has a “friendly” user interface in
aaaition to checking the consistency of the user-
aefinea requirements and is written to minimize the
effort needt?tito incorporate additional constraint
equations. We oescribe the program &nd present some
examples.

Introduction

Tnere are many aifferent criteria that can be used
to optimize a particular RFQ. We might maximize the
briyntness for a given current, 9r maximize the current
fur a given brightness while minimizing particle loss
ana vane-tip activation. We might constrain the over-
all lecgth dwl power requirements fOr the design, ar
mitint?.ina given betatron and synchrotronstune through
the structure.

We ao not wish to write a separate program to
hanale every new approach to RFQ design. Therefore,
we nave wrttten a program that automates the design
for I{FUdccelerat.ors,optimizes arbitrary given paranl-
eters while fixing others, and satisfies the constraint
equdtions governing the physics, The program clocs a
least-squares optimization af parameters coupled with
a I.uyrttngemultiplier methoa to handle the corrstrdint
equations.

[n the next sectian, we define the problem far de-
siyning I{FUSana present a solution, We then give an
overview WI several examples af the program “RFQOES.”
A friendly usur interface ana a toblf thdt chocks the
consistency of tne uscss roquiremcnts is still being
Ucvelopcd, wnen fully Uov(!lopc!d,the program will pick
tne appropriate set af constraint oquations$ given a
set of ruquirwwntso

Mt!tw(l.—.

MFqlJliSwas wrltim both to Outomdtc thu dc!stgn
proccbs fur I{FQocculorutors aml ttrincredsc tho fl9xi-
I)ilit.yof Uur traditiuntl Llesiyrlpt”ocos$,’ W! design
the acculorutor hy optImizing the dt!sigf] otl ccrtain
porumoct!rs (dosird cut’rent, tjmittancv, t!mlttanct!/
acceptallcurutio, ctwryy yoit]p(!rcell, lotlgitut.litlol
anu transvcrst space-chargo partunottirs)whilo sinktlto-
twusly subjoctitlytndso paramctws as WCII 0s uthcfi
pLtt’ttllltJttJVS (V(ltltJ lilOtJUIQti(jtl, IIlillillllllll V&tl(!ritclius,$ytl..
chrotloutiphoso, h(!catroflml fiynchrotrwltutw!s,Qtc.)
to (.lCsigr’UHU llhyhicsClttlstraillts,

w SOIVO this problcm by dot’ininga fullctio~l1
thut is W squared sum of tlw!(fitiwl mitlusUosir(!d)
pat’dlllt!tut’V(tlutisplus the sum Of tht!Ci)llstroitltcqua-
tiotdiinultipiiudby L@yratl~otnultipliors, 1IIQ futwl-
71Utl1 is LhulllltitlinlitudlJyCokiny dUtiiVatiVU$Of th~
fUtlCciUllWith tK!Si)OCttU all till!tlOtlfiXtldlJ{lFOtlletL!rS
CJi’ClIt!$y$t.t!m, Thtl t’esulCitlg(!quiltiot]s,which at’e
hi~lllytlulllilw!dr,Ull! SuIvutlw 1th th(!Nt!wtO1l*l{&lJllst)il
Ctw;luiiquu,

All Parameters
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can be Dlaced in one of three
categories:

\
1) fixed, (2) optimized about a desired

value, or (3 free floating. Fixed parameters are
ignored in the following derivation. They are treated
as fixed numerical constants in the constraint equa-
tions. Optimized parameters are denoted by Xawhere a
is an index for the X variable array. Free-floating
parameters are denoted by Vi and i is the corresponding
index of this array. We define the following param-
eters and functions:

Xd ,

Xf s

oa =

Y=

q =

F~ =

FA,a ~

FA,i =

the desired values for parameters X

the fitted values for the parameters X

the weight parameter for Xa

the RFQ floating variables
value)

the Lagrange multiplier for
equation

the Ath constraint equation

2F@Xa

3FA/8yi

no desit’edor fixed

the ath constraint

We define an effective chi-square function 1 where

We minimize I with respect to X, Y, and a, and
obtain tho folluwing sot of nonlinear equations:

Jo R i)I/aXa■ (Xf - X$/o~ + ‘uFa i AA,a80 ‘ (2)

Ji ual/aYi ●

1
;qji -O * Utl(l (3)

JA H hl/81!A M I’A H O (4)

for al1 a, i, and A indices, (If thorc arc A optimized
paranh,tt!rs,1 frQ(!-t’10ttirK]pitramctersand A cOnStt’ain’t
cqudtiotlsl then (1 ~a~A), (1 + A < i c A + I), and
(l +A+Ic A<A+I+A). MC $ol~c tlic System of
13q$m(2 to ‘4”).%(! obtaitlttw!tllotrix(!qu{ltiotl

#‘11
❑ Jt]+ [W/(X,YN)[tt]

* @t.1 ,,,tt+l,Utl+l) - (Xt’,yl’,Ut’)jH ~ , (5)

wltichCUtlIJC‘itlVOr’t.UdttlYiV(!

(xt’+’,Yt’’’’,($””) h (xt’,Yt’,u”)- (WJ(X,Y,U) It;r’

,* (J1l)

whuru n atwlN I 1 dunoiw the ituratiutltlunilwo

(0)



Program RFQDES Ovei-view

We aanered to the FORTRAN 77 standard in writing
RFQuES. The structure is morhllarizedto facilitate
implementirtgfuture changes. All derivatives are cal-
culated analytically to improve the precision and rate
of convergence of the Newton-Raphson technique. We
useo tttecnain rule for taking derivatives so that mod-
ifications to a formula for calculating a constraint
equation will nave a limited or negligible impact on
Other formulations in the program.

The nonlinear least-squares optimizer routine,
tnough written for this program, was designed so that
it can oe lifted easily from this package and used
elsewhere. Each variable, except in the optimizing
package vhere array variables are used, is given a name
that indicates its function. One subroutine is used to
convert back and forth between named variables and the
array variables needed by the optimizer. This proce-
dure introduces a slight run-time inefficiency but
greatly facilitates coding and debugging. The result-
ing program is more readable and modifiable.

A1l parameters internal to the code are dimen-
sionle s Lexcept for beam current.which 1s scaled by

5l/(~c /e).J All lengths a e scaled by the rf wave-
5Iengtn, potentials by l/(mot /e), and electric fields

uy rf wavelength/(~c2/e). Tne result is that the
user’s input oata define the system of units.

we assumecra uniformly ‘illed, ellipsoidal charge
aistriDutlon for calculating tne space-charge defocus-
ing force. M2 also approximated the form factor as

f\lengtn/wicJtn)= widtn/(3xlength)-(Ref.ldnd 2), (7)

Utrrer space-cnarge models can be substituted in thu
progranlin place of thiS model.

Exany&.—

Weillustrate the CO(ICby designing (using dif-
ferent criteria) a single cell for an RFQ. A complete
uesign is an extension to ‘hc design of a single cell,
mu tnis procedure is automated in tne program RFQI)ES,
/411cdses presented are designed for a l.C-MeV proton
Dew in a 425-Pil{zRFQ, We define the maximum electric
fielu on t.neRFQ vhnes in tcrtttsof the Kilpotrick cri-
tertt.trl~(19,Y x 106 V/M ot 425 MIIz),

Tho first two runs given in table I show the
effect on th~ Deam-currerit1imit obtained in raising
w muximum electric fi~lr.1from ? to 3 tinws Kilpir-
trick. l’lt~normislizcdCKCt!ptMC~ fW bOth Costs WiSS
2 x I u-on III*rao, with the beam ,cantainwlin u total
rlornmlizuu wnittance ut’1.0 x 10-% m*rw.i, ltlelrJllyi-
turlirtalurlutransverse spaco-chorge u’s were fi~ed at
U,U4 itlootttcasus, For Cuse 1, the current was moxi-
inlzuu,wnil~ thtiacf;elprdtirlgUriidierltwas only wcukly
Optlnlizcu. lno ticcolerutingqrddicnt tor Use 2 wus
t’Ixuu co tnat obtuinod for (Jose I (30kV/cell). The
currwt limit obttiirmd ttJP Case 1 was 0,060 A and for
Lasu 2 w~s U,20UA.

There are two reasons for the large increase in
current for the same emittarrceand acceptance. First,
the synchronous phase went from -21.8 to -41.3”, which
effectively doubles the beam length. Secondly, the in-
creased external electric field made the beam smaller
for the fixed emittance. Since the ratio of accep-
tance/emittance was fixed at 2, the RFC! vanes were
brought closer together. This reduced vane radius and
increased electric field increased the ponderomotive
focusing term (B in Ref. 1), which scales as electric-
field/minimum-vane-radius.

Cases 3 and 4 were the same as Case 1 except that
the maximum”electric field was increased from 2 to 3
times the Kilpatrick field; all other physical parame-
ters were held fixed (that is, the same physical RFQ).
The Case 3 acceptance/emittance ratio was 2 (same as
Cases 1 and 2), whereas the Case 4 acceptance/emittance
ratio was 2.55, which gave the same emittance as Cases
1 and 2 (1.OX 1o-6w morad). We see that the current
limit for Case 3 compared to Case 1 increased to
0.157 A, but the emittance grew to 1.28 x 10-6rrmorad.
The current in an emittance of 1.0 x 1O-6IIm“rad is
0.120A (see Case4). Case 4 should be contrasted with
Case 2.

Conclusion

The above example was meant to show a little of
the freedom we have to design RFQs using RFQDES. We
can conveniently try many different RFQ design ap-
proaches and loot at various scaling laws. The code is
modular, internally well documented, and has a simple
data-flow structure (COMMON is not used). We can, with
minimum effort, modify the program as needs change.

1.

z.

3.

TAULL 1
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blockage), the resulting value not only falls below that for a’ but

also out of the range of solutions given by the parabola.

The calculations above are representative of all runs for which

this technique has been applied. The accelerational pressure change,

predicted based on homogeneous flow , is ❑uch higher than that which

actually occurs. This is consistent with the effects of slip as

discussed in Section III; the presence of slip causes friction to

represent a greater portion of the overall pressure change.

In order to apply the technique just described, it is necessary to

measure the drag on the cylinder directly, eliminating the correction

for acceleration. This has been a standard type of measurement in wind

tunnel testing, and a proper technique could be ~dapted to the present

case. Alternatively, a different technique must be developed for

measuring the phase dynamic pressures.
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APPENDIXA. Supplementary Derivations

.

Fanno Line Slope

Consider a compressible flow of uniform velocity, in an adiabatic

duct of’con~tant cross-sectional area. The energy and continuity
1.

equations are /
,,’

d(h + w2/2) = O or & = -wdw (Ala,b)
4

c&=dp” -—.
w P

(Ale)

In addition, the Gibbs equation is

dh = Tds + vdP

The process can be considered

.

or dp = ~(dh. Tds). (A2a,b)

as a sequence of two processes between the

same end states: a throttling ~rocess at constant enthalpy, followed by

an acceleration process at ccmstant entropy. The pressure differential

then can be written as the sum of contributiorsdue to each process:

dP = (dP)s + (dp)h (A3)

wh’ere the subscript denotes tho property being held constant. Comparison

of Eq, (A3) with Eq. (A2b) gives the relation

dPs = pdh.

Substitution for dh from Eqs. (A~kj nni! (Ale.) yields

dPs ■ W2ML (A4b)

Tho density differential can also be writtcc in tnrms of two contributions.

Equation (A4b) ig then

(A4a)
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“[ 1
“’>+$ = 1.

s s

The speed of sound a is given by

1 ap
dp s

~=s ‘q
s

and Eq. (AS) becomes

dph “2
1 -Mz = ~w

s

where M = w/a.

The quantity dph may be expanded:

I

ap
,,

1 avdph = ,= dPh =
h I 1

-~s h ‘Ph”

Hence, Eq. (P.7) becomes

(AS)

(A6)

(A7)

(A8)

If both sides of this equation are multiplied by W/aP s the result is

The quantity ~ will ‘~e defined

(A9)

(A1O)

and hence the ratio of the presslme change due to dissipation (dPh] and

that clue to acceleration (dPs), from Eq. (A9), becomes
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dPh
❑ 1-M2

q ‘“
YM2

(All)

From Eqs. (A2a) tind (A3) the following relationship is obtained directly

dPh Tds
~= ‘-d~

which givesthe Fanno line slope:

Tds =

[1

1-M2
x-—”

;M2

(A12)

(A13)

1. Special case: Ideal gas

Equation (A1O) is equivalent to the form

(A14)i=$ /
ap

h
m s“

The denominator is just l/a2, where

for an ‘deal gas. The numerator may be obtained from the ideal gas

equation of state,

P = PRT (A15a)

since constant enthalpy implies constant temperatures in this cnse.

Hef’ce:

(A15b)
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and Eq. (A14) becomes

(A16)

2. *ecial case: Homogeneous two-phase mixture

The quantity 7 is given by Eq. (AIO)”in the general form

(A17)

Transformation of the numerator, using Jacobians, to independent

variables (P,s) results in

(A17a)

(A17b)

The additional expressions will be used:

(A18a)ah
m S=v’

(A18b)
a’

w
/hm ~ = Vfg fg”

(A18c)

The quantity ~ is then expressed in the convenient form:

‘f 822~= l++rt
Y= l+v$ch

fg fg
(A19)

D
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Governing Equations Including Phase Potential EnerRy

The governing equations for two-phase flow derived in Section II

will be modified to include the p~tential energy of the horizontal flow.

This was discussed very briefly in the text as a basis for introducing

the Froude number.

Potential energy is important in two-phase flow when the average

heights of each phase , measured from a convenient datum, are not equal

in a given cross section of pipe. In a homogeneous phase arrangement

irrespective of slip, these heights equal and correspond to the

center line of the pipe. They are not equal in a non-homogeneous

arrangement with one phase predominantly present in the upper or lower

portion of the cross-section. In the most general case, this is repre-

sented by a continuous density gradient. The simplest case is a

completely stratified flow with a separate vapor layer above the liquid,

each phase moving at a different velocity. The equations will be written)

in general, by introducing the average phase heights, yp. .fl cases when

the flow is not stratified the potential energy terms become negligible

compared to the kinetic energy and the equations properly describe the

flow as given previously. ‘

The difference in potential energy between phases resulting from

flow stratification also gives rise to a difference between the average

pressures of each phase. The assumption of uniform temperature will be

maintained at this point, but will be discussed in more detail once the

basic equations have been derived,

The effect of surface tension will also produce a pressure difference

between phases. Such an effect occurs on a length scale much smaller
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than that experienced with the type of flow being considered, except in

the case of extremely small droplets and bubbles, andwill notbe considered.

Based on the remarks above, the phase consecration equations will be

rewritten. The continuity equation remains unchanged and is given by

$d(xp) = d(ppwpap)

or

$xp=pwa.
PPP

The energy balance is given, in a form analogous to Eq. (9),

(A20)

fi(xp+dxp){(hp+dh +W2
2

p p/2 ‘cl~wp/2 ) + g(yp+dyp)l

(A21]

(A22)

- fi {h +W2 +~yp} - lhdX {h +W? + gyi}
P P P/2 p i 1/2

= “ Lidz - T, L.dzw.
% lpll

are the

respectively,

the phase

heipht of the

where g is the gravitational acceleration and yp and yi

averag~ height of the phase and the height of thr interface,

The introduction of yi reflects th( fact that mass crosses

boundary with a potential energy corresponding to the actual

interface, The total change in ~otential energy occurring with the

transferred mass is hence apportioned properly to each phase, as with the

interface velocity and corresponding kinetic energy.

When Eq, (A22) is expanded and simplified the result is



101

The Slm of

or

the equation for the phases yields

d{x(h +W2 +Dg) + (1-x)chf+w:/2+gYf)l = og dz

d(hO) =“0.

A center of mass height may be defined

Ycm = Xyg + (l-x)Yf.

The stagnation enthalpy is then

‘o
=1’l+w*

rms/2 + “cm’

The phase momentum equation is given by

..

(A24) .

(An)

[A26)

(A27)

which is derived in exactly the same way as Eq, (39) and is identical

except that pressures of the individual phases will be distinguished

a subscript, since in ~cneral they wiil not be cqltal, Summation of

Eq, (A2R) for both phases yields

by

dP dPF
@ {xwg + (l-X)Wf} = -a -J.. (la) —+ ~ -

dz + ‘fw’
(A29)

d; d; gw
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When the phase pressures are the same, this equation

as obtained previously.

The phase Gibbs equation is just

dP
dhp=Tdsp+~.

‘P

becomes

When this is combined with the phaqe momentum and energy equations

(Eq. (A2t3) and (A23]) the result is

(M:]

{}

ds
T-J! =~+; ip(wp-wi) + iwpwp

?XP d; P

(A30)

(A32a)

I

d%
+$+(W22)

dz
i/2-wp/2

dx
+ * ~ E(Yi-Yp)

dz

●

This equation is analogous to Eq.

potential energy between the mass

(43), ●nd includes the difference in

entering and that ofthcphasr. The lust
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term expresses the change in height of the phase and the resulting con-

tribution of the potential energy change to the phase entropy change.

The velocity terms may be cmnbined here also to produce the term

cwp-wi)2/2, (A32b)

End hence an equation ’analogous to Eq. (46).

When the phase Gibbs

is summed for both phases,

free energy gp is introduced and Eq. (A32a)

the result”is

dy ~Yf
- $ Xg + - $(1-x)g —

dz di

where, in general,

o 2

‘P ■ ‘p + ‘PO + “p’

(A33)

(A34)

Equstion (A33] is analogous to Eq. (49), The additional terms gdy
P

represent the changes in potential energy of the individual phases. By

combining all velocjty terms on the right-hand side of (Eq. A33), the

equation may be writton as



where

$ “ 1$- {wp-wi)2f2 + gy
P’

(AM)

(A36)

The definitions of go and
P %

f may be modified by introducing the

interface property gi, in addition to Wi end yi. In this case the

former definitions become

p ❑ (ygi) + (W2go
P/2-’$2) ‘go

p-Yil (A37a,b)

$ = (gp-gi) - (wp-wi)2/2 + g(yp-Yi)O

The additional

gi represents

terms simply cancel in Eqs. (A35] and (A33). The quantity

the free energy of mass enterinb a phase at the intm-

mediate interface state. It is also equal to the free energy of either

individual phase at the interface , since equilibrium and saturation con-

ditions exist at this point. It will be

phases at other locations may not be at

In order to understand the role of

demonstrated shortly that the

Satu.dtion conditions.

the kinetic and potential

energy terms in relation to the free energy, consider the special case

of a two-phase flow which is completely stratified, with vapor alone in

the tcp portion of the cross section, liquid alone in the bottom, The
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difference between free energy of either phase

interface may be calculated from the equation

dg . -sdT + $ .

and free energy at the

(A38)

The difference in pressure between the interface and the average height
..,-

of the phase is given by

P .pim
II

alp=.
P Ppgdy = ppg~i-yp’”

Hence, for a uniform temperature we have

‘P
- g~ m ll(Yi-Yp) ●

(A39)

(A40)

The gravitational terms in Eqs. (A37a,b) correspond directly ta a differ-

ence between interface and phase free energies due to a difference in

pressure. By unalogy the kinetic energy tenas may correspond to a free

energy difference due to a temperature dJfference~ although it is not

clear whether the relative or absolute difference is the proper quantity.

For present purposes, the former will be assumed, since this results

from the combination of all terms involving $dx. Hence, the foilowing

condition may be written:

■ (wp-wi)72 - g(Yp-Yi)
‘P

- &I~ (A41)

which corresponds to phase !lequilibrium~’ in the presencn of differences

kinetic ●nd potential energy, since it results in the elimination of

in
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entropy production associated with the mass transfer process. It also

indicates the existence of a temperature difference between phases in a

two-phase system whenever a velocity difference exists, in addition to the

pressure difference due to individual phase heights. When the condition

of Eq. [A41) is satisfied the dissipation equation becomes

dy dYf
$T+=~w - -w-

~wg + ‘Jwg-ui) + ‘Wf f $%+- lJ(l-x)g — (A42)
dz dz di ‘

If the differences

phase free energies may

in pressure and temperature are neglected, the

be set equal:

,

!lg m gf” (A43a)

If, in addition, the interface velocity is assumed to be the average of

the phase velocities

‘imw

then the dissipation equation becomes

(A43b)

(A44)

where ym is the center of mass of the flaw defined by Eq. (A26). The

akve equation is most convenient for use with the onc-dlmcnsionnll

ttm-fluid equations,
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APPENDIX B. Description of the Experimental
and Measurement Procedure

Facility, Calibration,

The research facility which has been constructed is a highly

versatile one, allowing the study and analysis of a wide variety of

phenomena involving the flow of a fluid at or near its saturation point

as well as in the two-phase region. The design and construction of the

facility required approximately two years. The detailed decisions

involved in that process have been presented in a previous report [40],

which should be considered as part of the present dissertation. The

object of this appendix is to provide a summary description of the final

configuration of the apparatus and the techniques used for the basic

measurements presented in Section IV. Both apparatus and techniques

were finalized after a period of trial runs. The versatility of the

facility will allow many measurements in the future such as those appro-

priate for investigations of turbulence or choking in

and vertical flow.

An important feature of the facility, setting it

is that it is dedicated to two-phase flow of a single

two-phase flow,

apart from others,

substance as

opposed to the case of two-substance, two-phase flow (i.e., the flow of

air and water). The fluid used is dichlorotctrafluorocthanc (designated

Refrigerant-114 or simply, R-114); this allows two-phose experiments to

be carried out at manageable tempcruturcs and pressures, narncly, between

O and 60”C and up to 10 bar, with the proper similarity relationships to

various other cases of practical interest involving different fluids.

Physical Arrangement and Operation

A simplified schematic diagram of the systcm is given in F~g. Ul,
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which shcnm only the main fluid path; auxiliary piping and control

systems have been omitted for the sake of clarity. The main circuit

consists of the vessels A, B, C and D, and the piping indicated by

solid lines. The components are arranged in a closed loop containing

only R-114 in either its liquid or vapor state.

in operation, the bulk of the R-114 is stored in

liquid at room tempel Iture, with vapor occupying

When the system is not

tank (D) as a saturated

the rest of the system.

The system opera(.es in a “blowdown,” or intermittent mode rather

than as a continuous, steady-state loop. A typical experimental run ,

lasts approximately three minutes, with about three hours

preparation between runs.

At the beginning of a run, liquid is pumped from the

(D) to the accumulator tank (A) and the booster tank (~1,

required for

storage tank

and is heated ‘

to the desired initial conditions by means of electric immersion heaters

(H) . Since the tanks contain saturated liquid and vapor, the pressure is

adjusted solely by setting the fluid temperature by moans of the heaters.

The run is started by opening the isolation valves (IV). Liquid then

flows from the accumulator (A) through n venturi flow meter (V) and en-

ters the test section (T). The function of the booster tank (B) is to

provide superheated vapor to the accumulator (A) through a pressuro regu-

lating valve (PR). This will condense very slowly (’ml maintain a prcdc-

tormincd accumulator prcssuro and thus compressed liquid in tho accumula-

tor. Measurements ure carried out in the test soctioll (T) as the flow

develops from

suro 10SSCS.

condenser (C)

Tho condcnsor

singic-phaso to two-phase because of throttling and pres-

The mixturo is convcrtod back to the liquid phase in tho

and finally collocts in the storage (or “dump”) tank (D).

1s cooled by a methanol-water solution (shown in tho
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diagram by dashed lines) from a cold storage tank (CS) which is main-

tained at a predetermined temperature (approxitilatel.y -200(3 by a st~dard

refrigeration chiller”. The chiller uses ~ity water as its ;Ieat

sink.

The compressed llquid working fluid, clos~ to saturation, enters

the 2 inch diameter test section from a larger diameter settling chamber.

Two-phase flow is produced in the test section by the natural decrease

in pressure due to friction , or by an orifice plate if more throttling

is required. Temperature and differential pressure measurements are

taken at successive stations along the t.,st sect:rin. Tho en’:ire 2 inch

diameter portion is transparent Pyrex glass, thus allowing direct obser-

vation of the flow. The flow rate and conditions in the test section

are controlled by the size of the orifice and the setting of the gate

valve. Finally, the fluid passes through a diffuser nnd into a return

pipe which leads to the condenser.

The facility occupies portions of the basement

the laboratory. Plan views and a section are given

B2(b) .

and first floor of

in FLg, B2[n) and

Test Section

A schematic of the te~t section is shown in Fig, B3, The test

section proper is located bt’twocn two isolation VUIVCS. With the cxccp-

tion of mass flow rate, all experimental mcusurcmonts and observations

are made between these two valves. They arc of the butterfly type and

are pneumatically controlled for fast operation either by hand or auto-

matically by the computer. The valves arc alwuy? either fully opun or

closed and aro not used to condition the flow in the test section in any
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way. fie upstream valve isolates the settling chamber from the pipe

leading from the venturi flow meter , whereas the downstream valve

isolates the diffuser from the return pipe and th~ condenser.

The settling chamber has a S inch diameter. An insert of machined

plastic (Delrin), provides a smooth transition to the 2 inch diameter

glass portion of the test section, consisting of a series of tubes of

various lengths wnr.ected tG one another by means of clamps fitted at

flanged ends. T ‘.nHths range from 1 ft to 4 ft, with 4 ft between

the primary mm: stations.

At the end of tho test section a gate valve and diffuser are

connected to the condenser by means of the return pipe. The diffuser

provides an expansion in diame”.m from 2 inches to 5 inches.

The settling chamber and the fixed support mentio~ed above are

❑ounted on a 6 inch square aluminum I-beam which runs the full length of

the test section. The glass sections are supported on this beam by

adjustable stands, which clamp onto the beam and allow alignment of the

glass. The test section is supported separately and connected properly

to other piping to eliminate vibration. The total length of the

t~ansparent section is 24 ft.

Pressuro and temperature transducers are accommodated along the

test section in 9pctcial f;ttings: Delrin inserts fit between the ends

of the glass sections and have an inside diameter matching that of tho

glass pipe.

Pressuro transducers are connectod by plustic tubing to a brass

fitt.ng which screws into a well in the insert, with a small hole con-

necting the WO1l to the inside wall of the insert. Hence, static pres-

sure is mcas.lrcd at the wall. Both absolute and differential transducers
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are connected using this arrangement.

Temperature probes are mounted in a brass fitting which screws into

the insert and allows the probe to be positioned radially.

A temperature and absolute pressure transducer are connected

similarly at the settling chamLer, with fittings screwed into the steel

pipe wall.

Flow control for the test section is accomplished by four devices:

a throttle plate, a throttle vaive, and two isolation valves. The

latter are used only as shut-off valves, as mentioned above.

The throttls plate is an aluminum disc with a number of holes

drilled to provide a specified total flow area. The disc is clamped in

an aluminum holder which fits between two glass sections, in the same

manner as the Delrin inserts. Control of the flow is accomplished by

causing the liquid to choke at the plate. In this way, the fiow rate

can be held nearly constant during the run, regardless of changes whit}.

occur in the flow further downstream. The downstream gate valve is

adjusted to control the amount of flashing and the type of flow which

occurs in the test sec.~on, without changing the mass flow rate. Also,

ttie pressure in the diffuser is maintained sufficiently lW (by the oper-

ation of the condenser) so that the two-phase flow in the test section is

choked at the gate valve. Thus, conditions in the test section can be

held constant during a run, despite changes which occur in other partsof

the system, since the flow occurs between two choked cross sections.

With a throttle plato of a given flow area the mass flow rate cnnbc

adjusted over a limitccl range by adjusting the pressure in the accumula-

tor tank. If a larger variation is required, a plate with a different

flow area is used. The applied boost is the pressure applied to the
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accumulator above the saturation pressure in that tank. The principle

of choked liquid flow has been examined in detail and is the subject of

a forthcoming report [41].

Some specific characteristics of the test section are illustrated

in Fig. B3 and should be noted.

The throttling plate has a

outlined above. This flow area

total flow area which is determined as

is composed of 41 small holes arranged

symmetrically in the plate, with a totul area corresponding to a single

opening of diameter 0.5 inch. It was determined ‘-at this number of

holes, in conjunction with the 6 ft length before the first measuring

station, produced a jet which was dispersed sufficiently to not affect

flow in the measuring portion of the test section. A fully developed

flow is thus produced before the first measuring point.

The orifice essentially simulates the friction effect which a much

longer section of constant area pipe would have, and allows conditions

to be produced in the measuring section which would exist at various

locations along a pipe of much greater length. The various “locations”

are produced by changing the setting of the gate valve to produce more

or less flashing

Temperature

probes placed as

are taken across

immediately following the orifice plate.

measurements are taken directly by the temperature

shown in Fig. B3. Differential pressure measurements

each of the 4 ft sections by actually placing differen-

tial pressure transducers between the test section and a reference pres-

sure line filled with hydraulic oil, and thun calculating the difference

between these measurements. This technique is used since connecting the

differential transducers directly between stations created lc,lg sections

of tubing, filled with freon which could change phase du:ing a run,
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creating arbitrary, indeterminable pressure fluctuations due to gravity.

The reference system allows use of an incompressible liquid in the long

sections of tubing, with very short sections connected to the test sec-

tion. The pressure in the reference line adjusts automatically tc a

propel value (assuring that all AP transducers will be wj.thin range)

since it is exposed to a pressure at the first measuring station by

means of an interface system. The interface consists of a small “U”

tube with mercury in its base and oil and freon vapor on opposite sides.

The U tube (or “surge pot”) is heated to prevent freon inside from

changing phase as the pressure fluctuates in the test section. The mass

of mercury in the U tube, along with a small air bubble placed at each

transducer on the reference side p~uduces a damping effect sufficient to

render the reference pressure essentially constant during a run.

Monitoring and Co]\trol Instrumentation

During the time the facility is idle, conditions through~ut the

system are continuously monitored by tk,e computer-controller, a Hewlett-

Packard HP-85 desk-top model, This machine is programmed to take action

to maintain certain conditions, e.g., operation of the chiller to

maintain the cold storage tank at the desired temperature.

During the time the system is being prepared fcr a test run, the

preparation procedure is monitored :nd controlled by the same coml]uter

so that once the desired starting time for the run has been entrrcd into

the computer by the operator, all of the requirccl steps will bc initiated

and controlled automatically (operation of valves, heater~, etc.) assur-

ing that the system will bc ready for a run at the prescribed t~.me.

‘l’he link between the controller (11P-85) and the physical systcm is
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provided by the HP-IB “Interface Bus” with the Hewlett-Packard Mulii-

Programmer. These devices allow the computer to read a number of instru-

ments and take action, i.e., operate equipment, by switching relays.

There are two types of measurements taken for automatic control and

monitoring purposes: tank temperatures and liquid levels. Temperatures

are measured using thermistors attached to the exterior wall of the tank,

beneath the insulation. These are located on each of the tanks in the

system, including the methanol cold storage tank. Liquid levels are

determined by reading differential pressure transducers connected across

the top and bottom of the tank to sense hydrostatic pressure, and hsnce

liquid level.

In addition to the above, visual monitoring of temperatures,

pressures, and liquid levels is possible, when needed, using standard

mercury-in-glass thermometers, dial pressure gauges, and sight glasses.

Data Acquisition instrumentation

‘l’he instrumentation for the experimental measurements consists of

three types of sensors: temperature, absolute pressure, and differen-

tial pressure. The sensors are of the same basic tpcs as used for the

monitoring measurements, tut are calibrated and mou,.~d ‘o as to produce

the highest accuracy possjbje.

Although not loc.atocl in the test section prcper, the venturi met.er

allows mutisurcmcllt of flow rate by means of a differential pressure

trnnsduccr con:lcctccl between its {Illct and throat sections, Details m

the test sect.ion instrumentation and the vcnturj arc glvcn lntcr in this

appendix.
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When preparation for a test. run has been completed, measurements are

taken

scans

mined

in the test section using ti;e controller (HP-85). The computer

all instruments in the test section, and the venturi, at predeter-

time intervals (approximately 1 see). It is also programmed to

control the test run by operating the isolation valves, gate valve,

pressure regulating valve and condenser.

Data collected during a test run are stored in the memory of the

HP-85 in real time. At

tape and can be printed

from each i]lstrument as

the end of the r;n; the data are transcribed on

in raw form directly, i.e., voltage measurements

read in each scan, or in reduced form in units

of temperature, pressure, and mass flow rate.

Lastly, a set of programs has been developed to provide additional

datu reduction and graphic display for cfilculations made from the

measurements, such as values for density ratios, Mach number:,, etc.

Since the facility was designed M an intermittrlt onc with running

times of one-half to three minutes, it is clear that for all operations

of the facility including the acquisition of data and the running of

the exp.?rimcnt, automation was highly desirable?, if not an absolute

ncccssity. After investigating a number of options, the llcwlct.t-Pacharcl

HP-85 computer was chosen us th~ Ilasic controller for the system, TIIi S

not only satisfied rcquir!ments for control and dat:l acquisition, but

also maclc uvailablr a reasonably powerful computer for data cvalu:ktion

uncl t.hcorcti,cul stuclic:;, ‘*
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temperature. The dependence of the resistance on temperature is given

by

$ (T) = se-O/T, (Bl)

where 1’ is the absolute temperature and the constants u and B

depend on the matevial. A known current pulse is passed through the

thermistor and e is a voltage measured as a function of temperature.

The

over the

with the

specific thermistors were selected based on their sensitivity

required temperature range and an output which is compatible

A to ~ ialtage conversion equipment. The manufacturer’s speci-

fications were used for the selection process. A method

was designed and implemented, and calibrations were then

each thermistor.

Becuu%e of the wcy the thermistor had to be mounted

for mounting

carried out for

(i.e., in a

fl~id flow, and aiong the radius of a circular cross section), the type

selected was c glass-coatod bead with adjacent leads. This allowed the

thermistor to be mounted as shown in Fig, B4, with the leads passing

through a scaled tube. The tube is held in a fitting attached to a

Delrin pipe insert and allows the tube to be positioned radially md

lockod in place.

Thermistors with resistance values at 2S0C of either 1 kfi or 2 k~

arc presently in use. With an applied mcwsur~ng current of 200 I.IA, the

resulting voltage ~s hctwccn O and lV over the calibration tompcraturc

range of O to 30°C, The 1 kil thmmdstors allow tcmpcraturcs lower than

O-C to be measured when needed, without excccding 1 V output of the

A-l) convurtcr,
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Calibration of the temperature transducers was carried out using a

heated, thermostatically-controlled water bath. Points were taken at

approximately 3°C intervals over the calibration range. A computer pro-

gram has been written which all~s the HP-85 to read the transducer

output voltage at each point. The corresponding temperatures, read on a

precision ❑ercury-in-glass thermometer with increments of O.l”C, are

provided by the operator. The computer then correlates the data for

$(T) using a least-squares analysis. The form of the correlating equa-

tion is obtained from the resistance equation above as

1
T

❑ A+BRn@,

where

(B2)

(B3)

A sample correlation is given in l~ig. d5, showing the input data,

rcsultin~ correlation equation, standard deviation, and $cviation of data

from the smooth curve.

2; Absolute and Differential Pressure Measurement

The type of probe sclcctcd for measuring absolute and differential

pressure is an integrated circuit pressure trnnsduccr+which prov~dcs a

voltage output that Is linear with the applied pressure or pressure dlf-

fcroncc, Illc transducer consists of a single-crystal silicon scllsor and

circuit elements mounted in u ceramic housl
v

-..
t Supplier: Sun!jyn Comptinyo Sunnyvnle, Cal

Sf2micondu~*tor.

Ig , Attached directly to the

fern 1f, I:ormcrly Nnt~onnl
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housing are ports of brass tubing for connection to the pressure source,

and electrical connections for a 15-volt excitation signal and output

voltage. For this application, it was decided to mount the transducer in

a metal box, as shown in Fig. B6, which allows the transducer to be iso-

lated from stress created by the external tubing and electrical connections.

lhe differential pressure transducers selected have a range of

Ap m .5 to +5 lbf/in2 (-30 to +30 kPa) with a voltage output in the

range O to 12 volts, and an offset of approximately 7 V when AP = 0.

Calibration is performed over the range -30 to O kPa by the use of

a program on the HP-85 similar to that used in the temperature probe

calibrations. In this case, the low pressure port of the transducer is

left open to the atmosphere, and a controlled vacuum is applied to the

high pressure port in ,,ncrements of approximately 7 kPa, as read by the

operator on a mercury manometer, accurate to 0.1 mm Hg. Thus, the trans-

ducer output is hcpt in the range $ ■ O-7 V. l%e function P($) is

correlated by a least-squares analysis to an equation of the form

(m!)

A sample correlation is shown in Fig. B7, 711e units of pressure

arc mbar, converted from mm Iig by the computor.

‘fho absolute pressure transducers used have a range of

0-60 lbf/in2 (0-4 bur], C~llibrotion is accompllshcl~ hy applying u known

prossuro to the transducer , an rcod USIIIN u precision bourdon type pres-

suro gauge with increments of 0.1 )bf/ln20 The data is correlated uslnR

the same computer prugrnm fIs the dlf’fcrential trnnsduccr, and the form of

the Corrclatlilg quation is the same,

●
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3. Mass Flow Rate Measurement

The flow rate is ❑easured by means of a venturi meter which determines

mass flew rate by ❑easuring ths change in pressure as a flow of liquid

passes through a contraction, or throat section. Because of a number of

special requirements of this ❑eter, since the

tion, it was decided to design and fabricate

purchase a standard instrument.

The meter consists of an outer tube ”and

fluid is close to satura-

the venturi rather than

flanges made of stainless

steel which fit betwsen afijacent pipe flanges in a conventional ❑ anner.

7hc throat section is machined from Delrin, and slides into the outer

tube. It is held in place by ❑ eans of two end plates. Sealing, both

internally around the throat pressure chamber and externally at the

flanges, is accomplished using O-rings, A drawing of the outer tube and

insert is given in Fig, B8. There arc three intcrchangcablc throat sec-

tions, allowing a flow mcasurcmcnt range of about 1 to 21 kg/s, corrc-

spondjng to u test section mass flux of roughly 400 to 10,000 kK/m2”s,

with throat cliametcrs of 3/4, 1-1/4 and 2 inches,

Moasuromcnt of AP at. the meter is uccomp]ishcd using u diffcrcntiul

prcssuro trunsduccr of the type discussed curlier, cxccpt nwuntd in n

zinc housing (as suppIicd), It is bolted to u vibrutlcm isolator at tho

venturi and conncctcd by the ncccssury fittings and VIJIVUS, The jnlct

pressure tap 19 locutwl in the upstrcum j)lpc scctiun rather thun the

venturi lJll~t itself. A tumpcruturo prohc, of the type di~cussed curljcr,

is locutul ut the sumo posltiun for uccurutc dctcrminution of the fluid

densit}t

Musk !’luw rntv III Is culculutd from the cqutitlon

#
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1/2 ~ A;

/[ ]

1/2
d = (2pAPj i

?-l ‘

\
as derived from Bernoulli’s equation. The quantities i, Ap, Ai,

At

the

(B5)

are the fluid density, measured pressure difference between inlet

throat, inlet area and throat area, respectively.

The ~ccuracy of the venturi was c;~ecked by directl~ measuring

quantity of fluid which leaves the accumulator tank in a given time

period and comparing this to tho flow rate measured by the venturi.

Calibration data for venturi throat sectiom! fnd 2, which cover the

range of mass flow rate used in the experiments, are given in Figs. B9(a)

and B9(b). Mass flow rate measured by the venturi is plotted against the

known calculated flow rate. Thc straight reference lines are lines of

equality betwocn these two quantities.

No correction factor on the standard venturi flow equation above

has been found ncccssary, to an accuracy of approximately 2%.
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Facility Operation and Measuremefit Procedure

The process of preparing for an experimental run is always the same,

and is controlled by computer program which allows a set of predetermined

starting conditions to be attained in the system without manual interven-

tion. Once these have been reached, the system will automatically

maintain such conditions until the operator decides to begin the run,

“control program.”when he enters a run Using the control program,

the computer operates the system and takes data based on a set of pre-

determined, timed actions for controlling the flow and reading the

instruments. The waiting period betwee,l run preparation and actually

starting the test section flow allows very stable conditions to be

reached in each part of the systcm and steady conditions are achieved

quickly. The fact that both run preparation and execution are automated

allows procedures to be Jcvelopcd and optimized beforehand, and then

assures their precise performance. This eliminates operating inconsis-

tencies and possible errors resulting from manual operation. It also

allows the operator to monitor measuring systems and observe the flow

without being conccrncd about the instantaneous mechan:cs of the process.

The run control program has been written in thrco versions, The

+pc of data required determines the vcrsiun which is used. A few

common features of’ these program will be presented before considering

thci.r individual details,

The gato valve is first opened to a position selected according to

the umount of flushing desired for the run und the accumulator pressure

is incrcascd using tho boostur, Liquid is then nllowcd to enter the test

scctioll slowly, through small diumctcr tuhj,ng which bypussos the inlet

lsolutil~n VUIVC, until the tow section is half full, At this time the
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liquid level just covers the thermistor beads and is just below the

pressure transducer ports. After a waiting period for equilibrium to be

reached, a set of e~:ht scans are taken. A “scan” consists of one meas-

urement from each instrument. With unifoxm pressure at saturation con-

ditions in the test section, the temperature at the liquid surface will

be uniform. Similarly, the difference between test section pressure and

reference line pressure will be the same at each measuring station.

Pressure difference across the venturi pressure transducer will be zero

since no flow exists. These ❑easurements are used for checking consis-

tency between individual temperature and pressure probes, and to provide

a reference or llzero’1 for each probe under known conditions. A correction

is applied to all later measurements in a run based on comparison of

average readings over four scans. A total of eight are taken to detect

any trend which may be present. Absolute pressure and temperature aro

checked against the known relatiofi!hip for the fluid at saturation. In

addition to calibration, these proccclurcs allow for detection of a problcm

with any instrument before another run is performed.

Following the referencing procedure, liquid again is ullowed to enter

the test section slowly until it is full. The methanol pump is then

started to reduce the dump tank pressure. At tnat time flow through the

test. section is startsd by opening both isolation valves simultancougly.

After a waiting tlmo for tho flow to stabilize, a numbrr of mcasurcmcnt

scans are carried out, tho uxact procedure dcpondlng on the particular

control program. A doscrlptlon of the procedures is given on the pngcs

that follow,
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Plwaedure 1

This program initially sets the gate valve to a position

nearly fully open or fully closed. The vnlve is then opened or closed

continuously while a block of scans is taken. In this way a sequenfic

of two-phase flm conditions is produced in the test section in a

single run. When measurements are completed, th~ inlet isoiation valve

is closed. Once the tesi section has emptied, chc outlet isolation

valve is closed and the gate valve reset .to closed position.

Rwoedure 2

The second version of the control program zcts the gate valve to a

particular position, and this position remains fixed while mcnsurements

are taken. A range of flow regimes is examined 9Y setting the valve

differently for successive runs. Mcasuroments for versions 1 and 2 showed

no difference, indicating thut the flow stabilize,:; quickly under all con-

ditions. For some runs version 2 was modified slightly to include a

measurement of void fraction. After the main block of scans were taken,

a void fraction probe was inserted, and another set of scans made.

Comparison between the two sets give a moasurcmurt of void fraction.

Details are given in Section 111. At the eiid ‘f the run, the isolation

valves aro closed simultaneously, and the avoru~c void fraction 1s

measurc!d dlrcctly by measuring the liquid lCVC1, and hcncc the vapor

volumo fraction, nftcr applying the prupcr ccrrci:tions.

Prouedure 3

This version of tho control program is u variation of vorslon 1,

producing n set of different test scctlon condltlon% tn a single run.
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However, the gate valve setting is not changed while ❑easurements are

taken. Instead, four blocks of scans are taken. Between each block the

isolation valves are closed simultaneously and the gate valve is reposi-

tioned. Each time, a waiting period is incorporated between opening the

valves (startir~g the flm) and the start of the measurements.

For runs conducted on the basis of each of the control programs

outlined above, subsequent calculations are based on time-averaged data,

that is on data averaged over a number of scans. The exception is

Procedure 1, where individual scans must be used since conditions vary

continuously.

Three series of experimental data were taken. A list of the runs

and additional data are provided in the tables. The experimental

results are discussed in Section iV.
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APPENDIX C. Correlation and Measurement Comparison

The correlation proposed by Lockhart and Martinelli [3] was dis-

cussed briefly in the Introduction with rel’ation to other work, past

and present, in two-phase flow. It will be compared here to measure-

ments using R-114 from this ir~estigation and with some using R-12

performed by Friedel and Mayinger [311.” The correlation predicts

friction pressure change and void fraction. It was obtained based on

measurements with two-substance flows using mixtures of air with

various liquids, including water and oil. The friction and total

pressure change are identical in most such cases since significant

acceleration does not occur. The technique was extended to singlc-

substance, evaporating flows in a paper by Martinelli and Nelson [4].

It was assumed that the friction pressure change would be essentially

the same as for non-evaporating flow and the total could

by adding the acceleration or “momentum” pressure change

evaporation occurs. Calculation of this effect requires

information for slip, or equivalently void fraction. in

be obtainod

required if

additional

[4] the phase

velocities were calculated both by assuming “no slip” and from the

correlation for void fraction Of course the latter

assumed to be the same for an evaporating flow. For

experimental datn will bo compared to the correlated

change alone, since this is the basis of both paporg

is then also

present purposes

friction prns9ure

mcntionod nbovc

and

by

represents the lower limit for predicted pressure gradient.

The indopendont variable selected for the correlation and denoted

X ig the square root of the ratio of the liquid “superficial”
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pressure gradient to that of the vapor. Each is calculated for the

phase flowing alone in the pipe at the same mass flow rate as that

phase in the two-phase mixture. The corresponding velocity has since

been labeled in the literature as the “superficial” phase velocity. It

will be denoted here, in general, for phase “p” as

w = xp$/P
Sp P

(cl)

where $ is the total mass flux or “mass velocity” of the two-phase

flow. The variable X will be denoted by

from the dryness fraction x. The ratio is

%
so that it is distinct

then

%
= (dP/dz)sf/(dP/dz)sg. (C2)

If the friction factor is expressed in the Blasius form (Eq. 78) then

in general

CB(dP/dz)sp ~ — %L
Ren ‘p 2 @

where

(c311)

Re . ~pw~pD/~ . (c3b)
P

The constants CB and n were dotcrmincd in [3] depending whcthor
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each phase flowed viscously or turbulently in the mixture [n = l.O OT

0.2, respectively). Hence four different forms of $ were possiEie.

In [4] only the case with both phases turbulent was considered, with

the exponent modified to n = G.25. For this case, ‘ith y = Pf’pg’

‘Jf 0.25 ~-x 1.75
+(# (~)4= ~

(c4j

which is the form that will be used here.

The independent variable for pressure change is the ratio of the

two-phase friction to the superficial liquid pressure gradient,

$;= (Cs)(dP/dz)TpF/ (dp/dz) ~f .

Values of $L are given in [3] as a function of XM, in tabular form.

An alternate independent variable $~o introduced h [4] is the s~m~

as $; from Eq. (CS) but with the denominator replaced by the pressure

gradient for liquid flow at the total two-phase mass flow rate. Then

in terms of @L,

(C6)

The term (l-x) may be expressed in terms of x~ and phusc properties

using Eq. (C4),

If the two-phase f]’iction prossuro gradient is roplacod by tho

2total, then $!,,q 1s essentially the snme as introducctl for tho
‘PR



presentation of experimental data in Sec. IV. The only difference is

that for APR the liquid pressure gradient in the denominator is

calculated using liquid properties IJf and P~ at the flash tempera-

ture T* while for ~0 properties at the two-phase temperature are

used. For the present experimental data with R-114, @~O has been

obtained from APR by correcting for temperature based on the Blasius

form of friction factor. The correction becomes

The factor varies only

temperature range.

Experimentally

between 1.0 and 0.97

Hence the correction

determined values of

is

.

over the experimental

less than 3.0%

(C7)

4:0 using the total pressure

change measurements from Series I, II, III are given in I’igt Clm The

Martinclli prediction [3] of friction alone for each series has been

shown as a solid line. The monsuromonts for Series TI and 111 exhibit

the same change in slope mcntionod in Sec. IV.2. The slope increases

greatly as the flow pattern chnngcs from strntjfiod to “homogeneous”

This transition phcnomcllon wns observocl also in data for uir-water

prcsentod ~n the discussion nt the end of Ref. [3]. In that case,

position of the change in slope varied if the water flow rate wurc

chnngocl, This jmplics a change of Freud number. t)atn for Series

and that for Sorjcs 11 uncl 111 exh~bit. n definite symmct.ry, Each

appcurs to originate I’rom u common line that is nuarly horizontal

t,hc

1
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close to $~0 ~ 2 but becomes steeper

position of the change in slope of the

for smaller values of ~. The

line in this case depends on both

Froude tid Mach numbers. For the air-water data just mentioned, larger

Fr moved the change in slope to higher values of $LO, but the data

continued to follow closely along the correlation curve. The horizontal

shift from Series II and III (Ma ~ 0.6) to Series I (Ma ~ 0.3) may be

basically a Mach number effect. Plotting this data as a function of

~ isessentially thesame asplotting versus vR, exccpt ~

decreases as VR (or x) increases. Hence, the influence of Mach

number idcntifiod in Figs. 10 and 12 will be similar in Fig. Cl for

s ics 11 and III, and corresponds to the snme type of horizontal

shift.

Shown in Fig. Cl is the range of friction pressure change

calculated by Friedcl and Mayingcr [31] based on total pressure change

mcasurcmcnts using R-12 in a vertical 1 in. diameter tube. (Details

of the calculation were not provided in the paper.) The $Lo for

friction is larger for this data than for the total pi’cssurc change

measurcmcmts t?’en using R-114 with stratified flow at the same ~.

This observation aErees, at least qualitatively, with the discussion ‘

of See, 111.1. It was nctcd there that horjzont.al stratified flow

would be cxpcctcd to ~ive r much w~akcr frictj,on force at the inter- ‘.

face thun would bc possibie in vertical flow. Calculation of $~o

for friction alone fr?m the Martinelli corrclat~on for R-i2 hns been

shown in F~g. Cl as n clushcd ljne, and for R-114 as just mentioned.

l’hc correlation in each case cxcccds nearly all of the experimental
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measurements, including the total pressure change from this investiga-

tion. The same has been observed [31] when steam-water data (also

single-substance) is compared to the correlation.

The void fraction measurements for Series II and III are shown in

Fig. C2. This figure is essentially ~he same as Fig. 13 except the

coordinates are XM and “holdup” RL. In terms of void fraction a,

RLml.a. (C8)

The correlation for RL is given in tabular form as a function of $

in Ref. [3], and is shown in Fig. C2 as a solid line. The reference

lines for equal phase d~amic pressures (EDP) and equal phase

velocities (no slip,

quite closely to the

higher values of RL

NS) are al:,o shown. The measurements correspond

Mn,:tinelli prediction, but in general tend to give

(lower m), Within the accuracy of the measure-

ment, all points exceed the correlation. This would be expcctcd for

ah evaporating versus non-evaporating flow. In the presence of an

overall acceleration the denser liquid phase will tend to be

accelerated less than the v~por, resulting in greater slip and hcncc

smaller void fraction. This effect scams to bc greater for smaller x

(larger )$) . The description of the Froude number effect given prc-

i’iously for Fig. 13 also applies to Fig. C2.

A number of other correlations for v~id fraction have been

compared and discussed in detail in ● recent report [4S].
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TABLE 1 BASIC PARAMETERS- DATASERIES I, 11, 111

iii(kg/s)
—*
Re /105

—*
Fr ‘R Range

Ma Range

Ma

Range

1.2
——

1.1 - 1..3

RangeRange

2.28

..—

2.23 - 2.34

1.70 .29 19 - 45
Series I

‘o
= 2i°C

1.ti3 - 1.71 .27 - .30 .50 - .84

3.72

w
u.
w

2-95.00 5.8 .64
series II

‘o
= 2s”c

4.64 - 5.53 3.45 - 4.0[ 5.0 - 7,1 .59 - .72 .63 - .9]

5.33

4.5~ - 6.02

4.35 6.9

4.9 - 8.7

.56

.4(, - ,63

3-1o
Series 111

%
= 3S”C

——

3.70 - 4.90 .ss - .86



Table BI - Valve Pesici.vm, Series I

Throttle \’alve?osition (1 Open)

10 20 30 40 50 60 7~ 60 90 100 Run
n n 1 m 1

—-.. — —-—— ———— ———— ———— ———_ —___ ____ ____ ____ 6129A

———— ———— ———— —-—— ———— ———_ —_—- ———— ---- —_— 7/06A

L
.

6/~8~
—

.
7j05B

.
7112A

.b 7/13A
.- 7/13B

.
711&A

.
7/15B

I.~ ii~6~ 4



L Table B2 - Valve Positions, Series II

I

I

o

L

I

●

Throttle Valve Position (% flpen)

I i(’1 20 3U 40 50 60 70 80 99 100 Run
I

o 0 0 0
1

0 0 0 0 9/07A

o 0 0 0 9108A 4

● 0 o 9117A
● 0 o 9/20A

s o 0 9121A
o 000 91W

L fJ1-77t7 .
Procedure 3, 6 Scan Tine Average A q/7f7Ar I \
Procedure 2, 6 Scan Time Average

I
A ! 9/ 28C i

: 10/05A‘“Jck Repeated
~ , 10/05BL J



Table B2 - valve ?ositicns, Series 111

ihrottle Valve Position (% Open)

o 10 Z() 3il 40 50 613 70 80 90 100 Puna n

o 0 G o 9f29A
o 0 @ o 10/03A

t
I o 0 0 0 110/03B

I
o 0 0 0 10IO3C

● 0 @ 10/OLA

A 10/UfiB
.- 10IO4C

10/04D

~ Procedure 3, 6 Scan Tine Average

. ?rccedare 2, 6 Scan TiiueAverage

● alcck Repeated

-1



Table EM - Data Series I

Po-P~ (To)
&(kg/s) To(OC) (kPa) Re*/105 Fr* Ma2 T(°C) %x vR M UC APR

2.3i 27.2 86.5
---

2.23 27.3 83.5 15.1 27.1
---

~_46
---

27.8 83.8 1

2.27 26.3 93.2 1.6 8 I l.+ 7 ---
79 5.3 15.2 ?Il7

-P-.31 26.5 94.0 .30 1.6 17.7 38.1 .78 17.2 ‘--

-29 ~~
---

27.7 87.4 1.73 1.7 28 0.0 19.6 44.6 64 77-9

2.*7- 77.3 89. 0 1.7 1
---

1.2 ?E 5.4
I

7/!59 2.3G 26.2 :90.1 1 . i 1.3 . 31) 5.2 15.3 29.0 .68 12.0 ‘--..— -—

7/~~~ 2.29 26.0 95.8 1.C!: i 1.2
---

30 5.0 15.2 29.1

k

k



Table B5 - Data Series II

po-p~(Tc) *
Run 5(kg/s) -r (“c) (kPa} Re /105 Fr* Ha* T(°C) 2X v~ Ma. AP~ a(%)

!I

9 122A 5.31 , 26.5 “~ ‘. 19J 5 6~ 7.34 R~ 9.95
---

1.95 E.5 68

5?23~ 5.L5 26.4 38.9 4.05 6.9 .70 19.5 5.27 6.77 .90 9.02 67.6

9 r 239 5.38 26.3 35.7 3.99 5.7 .69 19.2 5.46 7.05 90 9.71 67A

9~2L~ I 5.39 26.4 35.6 4.00 :7 .69 1~.~ 5.46 7 fll

9/27~ &.87 27.2 29.7 3.65 5.5 .61 22.9 3.37 4.29 71 , 2.55 58.5
r

I

1

of?7B , L.99 25.7 39.2 3.68 5.7 .65 23.7 1.66 2.58 .70 2.27 31.3

9.’27i- 5.12 26.9 31.8 3.23 6-1 .65 21.1 4.s5 5.73 80 5.47 64.6

1
9!28A . 5.36 26.C 37.0 3.36 6.6 .69 1%8 4.75

5f28C 5.53 25-.7 41.5 6.08 7.1 .72 19.5 4.80 6.27 .91 8.69 70.9 1
I

lG:05A ~.58 27.1 3&.3 3.73 5.8 .63 23.4
---

2.93 3A 77 2.54

:c/05s I :.85 27.5 28.2 3.65 5.5 .60 _ 22.9 3.58 4= 71

A A A ,



Table B5 - Data Series II (cont.)

I
PO-P5(TO)

A(kg/s) To(OC) Qc*/105 Fr*
*

Run (kPa) Ma T(°C) :x vR Uao APR
T
*

9i’C13A a

b 4.77 25.6 31.6 3.51 5.2 .62 ~3ao 2.10 3.04 .69 2.73 ---

c 5.02 25.8 29.i 3.71 5.8 .65 20.4 4.20 5.47 .8(J 5.86 ---

d 5.57 25.9 26.6 3.75 5.9 .66 18.8 5.44 7.11 .86 9.56 —-

9!07A a

Ib 4.9$ 26.h 3CJ.4 3.67 5.6 .63 2%.2 3.31 4.31 .74 3.19 ---

c 5.C9 ~b.j 28.6 I 3.79 6.0 .65 20.0 4.97 6.34 .83 5!.00 ---

L 5.:1 26.5 26.4 3.80 6.0 .65 19.0 5.77 7.43 86 ~o.62 ---

.
9i08A a

b 4.9$ ~~.s 29.9 3.58 5.7 .53 2? o 3.64 4.66 .7s 3.50 ‘--

c 5.09 26a 26.7 3.80 6.0 .64 19.7 5.53 7.03 .84 8.24 ‘--

a 5.08 26.9 23.9 i 3.80 6.0 .64 1 18.5 6.48 8.36 .88 11.19 ---



Table B5 - Data Series II (cont.)

I

9/17A a

b

c

d

9/20A a

b

w

~(kg/s) T_[°C) -

I4.68 . 25.9

;.65 r 26.2

4.79 26.3

$.64 26.4

4.67 26.6

5.81 26.6

I

:.8s I 27.:

:10
5 Fr* Ma*

!

33.1 3.46 5.0 .60

30.4 3.45 5.0 .60

27.1 3.56 5.3 .61

34.4 3.45 5.0 .59

31.4 3.48 5.1 . 9

28.5 3.58 5.4 .61

I

*

23.8 3.77 I 5.9 I .62

T(°C) %x VR Ha. A PR

1

24.4 1.23 2.14 . f.i4 1.62 ‘-

23.8 1.90 2.80 . 6S 2.12 ‘--

22.5 3.11 4.10 .71 2.19 ‘--

I

1

2:.8 1.33 2.22 .63 1.68 ‘-- )

24.1 1.95 2.20 ‘-

22.6 3.16 4.12 . .ZJ 2.29 ‘-

23.3 3.01 3.90 .71 2.49 ‘-

29.7 5.25 I 6.S2 I .80 J



w

Table B5 - Data Series 11 (cont. )

I Po+s(ro) ●

RUii Et(kg/s)Tfi(OC) (kPa) ~ /105 Fr* Ha* T(°C) %X VR

9!289 a #,

b &.81 26.5 34.9 3.57 5.3 .61 23.9 2.01 2.9C .67 1.89 -—

c 4.87 26.7 33.3 3.63 5.5 .62 23.2 2.72 3.63 .70 2.13 .—

d I 4.92 26.8 30.3 3.67 5.6 .62 22.4 3.4s 4.42 73 2.40
—.

, A

I

w v

A 4

.

r Am 1

I

A
k ,

t

1 /

*

-u
m



Table B6 - Data Series 111

Po-Ps(TO)

Run fi(kgls) Tc(OC) (kPa) Re*/105 Fr* Ma’ T(°C) %x VR H% 8PR N%)
! 1 1

!
9f~5~ a

b 5.85 34.4 45.4 4.75 8.2 .62 29.5 4.00 4.14 73 3.98 ---

c 6.00 34.6 41.9 4.P8 8.7 .63 27.2 5.97 6.06
-—

82 1.99

c! 6.02 34.7 39.4 4.90 e.7 .63 26.0 6.96 7.15 86 10.27 ‘--

lo/03A a
9I

D 5.55 34.4 35.2 4.50 7.4 .59 28.6 4.69 4.80 .72 4.42 ‘--

c 5.72 34.6 31.7 4.66 7.9 .60 26.2 6.72 6.89 .81 9.00 ‘--
I

d ! 5.7& ~ 34.8 28.2 4.68 7.9 .60 25.1 7.73 8.03 .84
---

12.14

10/033 a {

b 5.10 34.6 16.0 4.15 6.2 .54 27.1

i. 5.28 3$.9 11.0 4.31 6.7 .55 24.6 8.1S 8.52 79

d 5.31 35.0 8.2 4.34 6.8 .55 23-5 9.23 9.90, .83 I 13.88 ‘--
i

.



:
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Table B6 - Data Series III (cont. )

I
PO-P~(TO)

Run h(kg/s) To(OC) (kPaj P~*/105 Fr* Ma* T(°C) %% VR MaO APR 0“(%]

c 5.22 35. > ! 9.85

d 5.33 35.8 6.22

10/04A a

b 4.74 34.2 28.6

c 4.88 35.4 26.4

I
~ 5.14 34.5 22.5

lolo4a 5.54 34.9 18.1

lo/04c 5.21 35.7 11.6

10/04D ; 4.50 35.7 13.4

I

3.99

4.29

4.39

3.84——

3.96

4.18

4.52

44.29
X!L.1
-i

5.4 .50 30.8 2.74

5.7 .51 30.1 3.49

6.3 .54 28.1 5.19

7.4 . S8 23.8 8.74

,
6.6 .53 76 1 /.68

4.9 .46 30.5 4.2S

b

#,

4.76 .62 3.19 —-

7.68 ● 75 9. Is;
—-

9.63

3.06 S6 3.06 ‘-

3.69 .60 2.38 ‘--

G.7R 68 4.41 ‘--

9.29 85 22.8 73.8

7-76 Tq 8.25 77.9

I
4.24 .55 2.27 55.6



ABSTRACT

Despite the abundance of work in tho field of two-phase flcti, it

seems as though a consensus has not been reached on some of the funda-

mental points. Although exceptions exist, adcquat~ physical interpre-

tation of the flo~ seems to be hindered aither by complexity of
.

analysis or, in the opposito extreme, tho trend toward limited-range

analysis and correlations. The dissertation presents tho derivation

of basic conservation equations for the phases. The cnmbinod equations

arc used to examine the phenomenon of “slip” and its practical limita-

tions, the Fanno line for single-substance flow and the effect of slip

on choking. Equations for critical mass flux in tho prrscncc of slip

aro derived. The Nach, Reynolds and Froudc numbers based on conditions

at flashing arc introduced a- the characteristic parameters, and the

importance of compressibility in single-sub~ ancc two-phaso flew is

discussed, Exporimcntal mc:lsurcmcnts of prcssura chnrq:c and void

fraction for flow in the highly comprcssiblo rangu (.S c Ma < 1) arc

presented, The working fluid is Refrigerant R-114, at room tcmper:lturc,

in a test ~oction of diameter Scm and length 8m. l’hc effect of thu

Froudo and Mach numbers is cxaminod. The cxpcrlrncntul fuclllty is

opcrntcd intermittently with running tlmcs of upproxlmatuly two

minutc~ nnd 1s instrumented for rtipid mcusurcmcnts using {i computor

data acquisition und control system. A dcscrlptlon of the faclllty :IINJ

prnccdurc 1s provldcdm


